A tight-binding model Hamiltonian is newly parametrized for silicon carbide based on fits to a database of energy points calculated within the density functional theory approach of the electronic energy surfaces of nanoclusters and the total energy of bulk 3C and 2H polytypes at different densities. This TB model includes s and p angular momentum symmetries with nonorthogonal atomic basis functions. With the aid of the new TB model, minima of silicon carbide cagelike clusters, nanotubes, ring-shaped ribbons, and nanowires are predicted. Energetics, structure, growth sequences, and stability patterns are reported for the nanoclusters and nanotubes. The band structure of SiC nanotubes and nanowires indicates that the band gap of the nanotubes ranges from 0.57 to 2.38 eV depending on the chirality, demonstrating that these nanotubes are semiconductors or insulators. One type of nanowire is metallic, another type is semiconductor, and the rest are insulators.
I. INTRODUCTION
Elemental and molecular clusters in the nanoscale size regime are of interest because of their potential use in nanodevices. Studies of hollow clusters such as fullerenes unveiled their unusual physical properties, which find use in a multitude of applications. 1 For example, these structures can be used as conducting nanobridges between two nanoelectrodes, 2 or as nanocarriers for delivering molecules from one part of a system to another. 3 Silicon carbide is the only chemical compound of carbon and silicon. Silicon carbide nanoclusters possess unique properties compared to bulk materials, due to quantum size effects, high thermal conductivity, high electric field breakdown strength, and maximum heat exchange. These properties make SiC a promising candidate for high-powered nanodevices.
The exploration for the existence of elemental fullerenelike and nanotube structures other than carbon gained much attention in recent years. [4] [5] [6] [7] [8] [9] [10] Theoretical predictions dismissed silicon as a candidate for fullerene and nanotube growth because this element preferentially selects sp 3 bonding instead of the characteristic sp 2 . Because the siliconcarbon bond is stronger than the silicon-silicon bond, an approach for stabilizing silicon sp 2 bonded structures is to dope it with carbon. Recently Sun et al. 11 reported the synthesis of silicon carbide nanotubes and nanowires produced via the reaction of Si with carbon nanotubes. In view of the fact that SiC nanotubes have been synthesized successfully, a large family of SiC cages is expected to exist similar to the fullerenes. Several groups found techniques for growing SiC nanowires [12] [13] [14] and these nanostructures are expected to expand uses of this strong material in nanoversions of thermistors ͑temperature variable resistors͒ and varistors ͑voltage variable resistors͒. Theoretical studies of SiC nanostructures are scarce and tend to be based on a variety of methodologies. [15] [16] [17] In this study a tight-binding ͑TB͒ model 18, 19 was adapted for use in nanosystems by fitting the relevant parameters to a set of small elemental clusters. Recently, we put forward a successful fitting strategy of this TB model for monoatomic elemental clusters. [20] [21] [22] In this paper we apply this fitting strategy in the context of a binary compound and demonstrate its portability for nanostructures. The methodology relies on a parametrization of the TB Hamiltonian that incorporates structural and energetic knowledge of small SiC clusters. To that extent, a database of energies associated with the electronic energy surface of several small SiC clusters was built, with all electron calculations done at the density functional theory ͑DFT͒ approach. The TB model developed allows then for study of a multitude of nanosystems. Throughout this study the ratio of Si to C is one-to-one, which ensures the same stoichiometry than in all SiC bulk polytypes. Other TB models could have been considered for this study. However, the selection of the TB of Refs. 18 and 19 is based on the extensive computational infrastructure that we developed by having used it in the past. This paper is organized as follows. Section II gives a description of the TB parametrization and includes the energetics of the small SiC clusters used in its development. Sections III-V give the specifics of energies, structure, growth sequences, and band structure of nanocages, nanotubes, and nanowires. Section VI concludes this work.
II. THE TIGHT-BINDING MODEL FOR SIC
The TB scheme is a rough quantum approach that permits studies of systems involving 10 2 -10 3 atoms in a unit cell at a reasonable computational expense. Recently we parametrized a TB model 18, 19 for calcium clusters including s, p, and d atomic-like nonorthogonal orbitals and used it extensively. [20] [21] [22] In the case of a binary system such as SiC we consider only s, p atomic-like nonorthogonal orbitals. This TB model follows the Slater-Koster approach, 23 which is an extension of Bloch's linear combination of atomic orbitals method, 24 in which the ith atom in a unit cell has a set of atomic-like orbitals associated with it. The main characteristic of this TB model is giving an analytical description to the Hamiltonian and overlap matrix elements. The analytical expressions representing the matrix elements contain parameters that are further fitted to theoretical calculations or empirical data. These integrals are referred to as on-site, hopping, and overlap.
The on-site integrals are given in terms of the local atomic density. For a two component system, each atom i belongs to one of two atom types, Si or C in our case. Then the local atomic density at the ith site contributed by atoms of a given type is
where is either Si or C, j enumerates atoms of type , R ij are the distances between atoms, is a parameter, and F͑R͒ is a cutoff function, which in this study is defined as follows:
with interatomic distances R given in Bohr. For SiC there are two parameters C and Si . The analytical representation of the on-site integrals at the ith site includes contributions from two atom types:
where l is either an s or p orbital, Ј is either Si or C, ␣ , ␤ , ␥ , ⑀ are parameters, and Ј is the local atomic density of type Ј. Therefore, for SiC, there are four ␣ parameters and 24 ␤ , ␥ , ⑀ parameters. The hopping integrals taking into account s and p orbitals for SiC are ss, sp, pp, pp, and ps. The latter is only considered for dissimilar atom types. These integrals are represented by a product of a polynomial and an exponential that depends on the local environment of atoms,
where a , b , c , d are parameters, l , lЈ are subindices identifying the orbitals, and m identifies the integral type. There are 52 parameters entering in the hopping integrals for SiC. The overlap integrals have the same functional representation as the hopping integrals for SiC, but for Si and C a different functional form is adopted,
where the first term is a Kronecker delta function. The overlap integrals contain 52 parameters, which completes a total of 134 parameters entering Eqs. ͑1͒-͑5͒.
The strategy in this work is to fit the 134 parameters to a set of energies calculated within the DFT formalism. The Levenberg-Marquardt algorithm ͑LMA͒ is used to optimize the fit. With this purpose, given a set of independent energy points ͑target͒, one calculates a set of energies from the TB model corresponding to the same configurations used to obtain the target energies. The TB-calculated energies depend on the 134 model parameters. The LMA optimizes the parameters such that the sum of the squares of the deviations between target and TB-calculated energies becomes minimal. Thus, the LMA is an iterative procedure that finds minima of the deviation-squares-sum in parameter space. This method has a robust performance in the optimization of models containing many parameters. We applied this methodology for fitting the parameters of a range of classical model potentials to target points obtained with quantum chemical approaches. 20, [25] [26] [27] In these past studies, as well as in this work, the central component of the strategy is to have a comprehensive database of target points that contains electronic energies of both small clusters and extended bulk solids. The expectation is that the model parameters fitted on this size-diverse energy points will reproduce important quantum finite size properties while retaining an acceptable description of bulk properties.
The database of target energies for fitting the 134 TB parameters contains crystal data and cluster data. For the cluster data, the database includes 37 points of SiC, ͑SiC͒ 2 , ͑SiC͒ 3 , and ͑SiC͒ 6 electronic energy surfaces calculated within all-electron DFT, the Becke three-parameter functional, and nonlocal corrections. 28 The GAUSSIAN 2003 package, 29 B3LYP functional, and 6-311G basis set were employed to calculate these 37 target energies included in the database. Optimized structures of these clusters are shown in Fig. 1 and their binding energies at the minimum, symmetry, electronic state identification, and average SiC bond length 
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are reported in Table I . The cluster electronic states are singlets and the reported binding energies are relative to the energy of the separated Si and C in their triplet states. The 37 points on the electronic energy surface of these clusters were produced by homogeneously stretching and compressing each cluster. For the crystal data, the total energy and the energy bands of two SiC crystalline polytypes were included. Eleven configurations of the 3C polytype ͑cubic͒ with different densities consistent with lattice constant a ranging from 4.18 to 4.34 Å, plus 22 configurations of the SiC 2H polytype ͑hexagonal͒ with densities consistent with a ranging from 3.02 to 3.09 Å and lattice constant ratio c / a = 1.64 were considered. Eight energy bands ͑85 k-points each͒ were considered for the 3C crystal and 16 energy bands ͑76 k-points each͒ were included for the 2H polytype. Energies of these 33 crystals and their corresponding energy bands were calculated with the published TB parameters, 17 which are based on DFT results of these crystals.
Because the calculated bulk energies contain an arbitrary energy shift and the calculated cluster energies are actual binding energies, both energies need to be relative to a consistent reference of energies. The adopted criterion for establishing the value of the energy shift was to make the 3C polytype equilibrium energy coincide with the experimental cohesive energy of Ϫ12.68 eV. This introduces the 135th parameter to the TB model, which is a shift of 0.340 272 Ry/ SiC that is to be applied to all energies calculated with our new TB parametrization.
The optimal 135 parameters are reported in Table II . These TB parameters enter Eqs. ͑1͒-͑5͒ and are used throughout this work for the nanostructures studied in the next sections. Use of these parameters yields energies in Ry and distances in Bohr. Table I contains a comparison of the cluster relaxed energies using the new TB parameters as compared with the TB energies at the geometry of the DFT calculation used as a target in the fit. To test the portability of the new model, the optimized DFT-calculated binding energy of ͑SiC͒ 12 was obtained and the corresponding TB-calculated energy compared to it. Table I shows this comparison and also shows that as the cluster is relaxed under the TB the agreement with DFT results improve. Note that energy points of ͑SiC͒ 12 were not included in the database of target points on which the TB model was fitted.
III. SIC CAGES
TB model parametrizations are not universal. It is then important to understand how the model performs for nanostructures with different surface structures. For example, the published parameters of the SiC TB model 17 work well for the crystalline polytypes but do not give rise to stable nanostructures. 30 Cagelike clusters have been studied at the DFT level for many sizes. 31 However, there has been no attempt to generate those cages with a simpler model such as the TB. We find it then interesting to demonstrate that the new TB model parametrization is suitable for cage nanostructures. To achieve this objective a variety of SiC cageclusters were formed by constraining all bonds to be Si-C. Such construction originates ring formations containing even number of SiC, which are referred to as members of the ring. Bulk polytypes contain even-member rings indicating that Si-Si bonds and C-C bonds would only occur at imperfections. In this study four-membered rings ͑4MRs͒ and sixmembered rings ͑6MRs͒ are considered for building hollow cages following the rules set forward in Ref. 31 . For cages with n SiC consisting of 4MRs and 6MRs, the number of 4MRs is always equal to six, whereas the number of 6MRs is n − 4. This mathematical relationship remains true for any polyhedron containing only 4MRs and 6MRs. Thus, with increasing cluster size, the number of 6MRs increases while the number of 4MRs remains constant. For example, both ͑SiC͒ 9 and ͑SiC͒ 11 have six 4MRs, whereas ͑SiC͒ 9 has five 6MRs and ͑SiC͒ 11 has seven 6MRs. Fullerenelike ͑SiC͒ n with n = 6 -28, 36 cage structures were designed and further relaxed to yield the stable clusters illustrated in Fig. 2 . Each reported structure corresponds to a minimum of the TB energy obtained with the BroydenFletcher-Goldfarb-Shanno algorithm. [32] [33] [34] [35] Binding energies, symmetry, and average bond lengths for these cage clusters are reported in Table III . The cage energies are plotted in Fig.  3͑a͒ . The ͑SiC͒ 12 cage is remarkably stable and displays 4MRs with bond length of 1.85 Å and 6MRs with a slightly shorter bond length of 1.84 Å. For testing, the ͑SiC͒ 12 cage was optimized within DFT and the TB energy of the optimized ͑SiC͒ 12 is in agreement with the DFT optimized structure exhibiting a discrepancy of only 0.01 eV ͑see Table I͒ . The bond lengths of the optimized TB ͑SiC͒ 12 are in agreement with those calculated with DFT for the 4MRs. However, the DFT optimization yields 6MRs bond lengths of 1.77 Å, which are shorter than the TB predictions. A previous DFT study of ͑SiC͒ n with smaller basis set 15 reported structures consistent with our TB results as seen in the comparison included in Table III . While the TB energies of ͑SiC͒ 6 , ͑SiC͒ 16 , and ͑SiC͒ 25 show discrepancies of up to 36 , since this cage could have been a T d structure but relaxed to a D 2d under the TB model. As seen in Fig. 3͑a͒ , the binding energy per SiC decreases monotonically with the increase in the number of SiC molecules with the exception of some cluster sizes. The second difference of the binding energies, shown in Fig. 3͑b͒ , displays the relative stability of the clusters to the increase in one SiC. Peaks in this plot indicate clusters that are more stable than their neighboring sizes. The ͑SiC͒ 12 cluster has the largest second difference of the binding energy indicating that this cluster is a magic cluster among ͑SiC͒ n structures. The second difference of the binding energy was compared to Ref. 15 with good agreement in the smaller sizes and discrepancies as the cluster size is increased. This is probably due to the small structural changes of the clusters when relaxed under the TB model.
IV. SIC TUBES AND RIBBONS
Several single-wall nanotubes consisting of Si and C with a 1:1 ratio are new to the literature and reported in this section. Periodic boundary conditions were used to simulate infinite tubes, with the unit cell typically containing four layers of atoms in the direction of the length of the tube. Each tube is identified by the chiral vector notation ͑m , n͒ introduced for carbon nanotubes. 36 Two types of SiC tubes are studied: zigzag ͑m ,0͒ and armchair ͑m / 2,m / 2͒ with m =4, 6, 8, 10, 12, 14, 16, and 20. Table IV . The band structure is composed of 16 band, each of them with 21 k-points. The TB calculation shows that the zigzag ͑m ,0͒ nanotubes are more stable than the armchair ͑m / 2,m / 2͒ nanotubes, in agreement with past studies 37, 38 and in contrast with the behavior of carbon nanotubes that display armchair nanotubes more stable than the zigzag counterpart. Table IV contains results for tubes with radius larger than 8 Å, which are new to the literature. The radius dependence of the band gap energy for zigzag and armchair SiC nanotubes is included in Table IV . It can be seen that as the radius of the tube increases the band gap increases until reaching a plateau. The zigzag SiC nanotubes have a direct band gap at the ⌫-point, while the armchair tubes have an indirect band gap. The trends of our results are in agreement with DFT studies 38 with the TB band gaps being systematically larger as expected. The Si-C bond lengths are in agreement with Ref. 37 , predicting Si-C bond lengths of 1.87 Å for both zigzag and armchair SiC nanotubes. On the other hand, DFT calculations predict a shorter Si-C bond length of 1.80 Å. 37, 38 The Si-C bond length of the bulk 3C crystal is 1.89 Å. In this study bulk 3C-SiC was used in the development of the TB parameters, which could explain why the TB model tends to give long Si-C bond lengths. Relaxation of the atomic positions under the TB yields the Si atoms positioning themselves closer to the center of the tube with the C atoms positioning toward the outside. The surface reconstruction due to the slight difference in hybridization of Si and C atoms favors the most electronegative C atoms to be pushed outward while the Si atoms move inward shielding themselves from attack by nucleophiles. As the tube radius increases, the difference in radial position of Si and C becomes less noticeable.
In order to investigate the stability of the ring-shaped cross section of the tubes, the periodic boundary conditions were removed and ring shaped ribbon structures containing four layers of atoms were analyzed. These newly studied ringlike ribbons are clusters containing only 6MRs before relaxation. Once relaxed under the TB the structures notoriously tend to close up by forming an imperfect cage-looking cluster that contains only 6MRs. This behavior is quite strong in the ring shaped ribbonlike structure having chirality ͑3,3͒. Therefore, new ribbon-ring looking stable isomers of ͑SiC͒ 16 and D 2d are predicted, as well as other new ring shaped ribbon-type clusters as reported in Table V . Among these new clusters, the armchair ͑SiC͒ 24 is more stable than the cagelike isomer reported in Table III . Contrary to the nanotubes, the armchair ribbon structures are more stable than the zigzag ribbon structures. Surface reconstruction is apparent in these ribbonlike ring shaped structures similar to that occurring in the tubes.
V. SIC NANOWIRES
Several SiC nanowires built from carved sections of the 2H and 3C polytype crystals are stable under the TB method. Figure 5 illustrates the cross section of four SiC wires. In all cases, the wires are periodic along the direction pointing out from the figure, which is in the direction of the face identified by the Miller indices of the bulk structure. The length of wires built from the 2H polytype are perpendicular to the ͓001͔ and ͓110͔ planes and wires built from the 3C polytope are perpendicular to the ͓100͔ and ͓111͔ planes. The band structure has 16 bands, each with 21 k-points. Each of these wires was relaxed within the TB model indicating that modest reconstruction of their surface takes place once the structure geometry is optimized.
The most stable wire is the 3C ͓100͔ nanostructure depicted in Fig. 5 with a binding energy of Ϫ11.7 eV/SiC. The next most stable wire is the 2H ͓001͔ with binding energy of Ϫ11.6 eV/SiC. The 3C ͓111͔ wire is next in stability with a binding energy of Ϫ11.0 eV/SiC and the most unstable wire is the 2H ͓110͔ with a binding energy of Ϫ10.3 eV/SiC. Stability preference predicts then the most probable growth direction of a specific SiC polytype nanowire. Analysis of the band structure of the four wires indicates that the 2H ͓001͔ wire presents a 2.1 eV band gap, the largest of all of the wires studied, clearly indicating that this type of wire is an insulator. On the other hand, the least stable 2H ͓110͔ wire is metallic, the 3C ͓100͔ wire has a small band gap of 0.4 eV and could be considered to be a semiconductor. The 3C ͓111͔ wire is also a semiconductor with a band gap of less than one eV.
VI. CONCLUSION
A new TB model is developed and used to predict structural properties of SiC nanostructures including cagelike clusters, ring-shaped ribbons, nanotubes, and nanowires. This TB model has 135 parameters and works well for clusters that have carbon atoms bonded with silicon atoms in a one-to-one composition ratio. Results for the smaller cages are in agreement with previous DFT findings 15 and the TBoptimized nanotubes with smaller radius are in agreement with previous TB and DFT studies. 37, 38 Thus, we are very confident that the novel cages, nanoribbon clusters, nanotubes, and nanowires are possible nanostructures that are yet to be obtained experimentally. Numerous large SiC nanoclusters with cage and ribbon structures are predicted to be stable. The predicted ͑4,0͒, ͑6,0͒ nanotubes and the 3C ͓111͔, 3C ͓100͔ nanowires are semiconductors, the 2H ͓110͔ nanowire is metallic, and all other nanotubes and nanowires studied here are insulators.
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